Upon impact of a meteorite with a planetary surface the resulting shock wave both 'processes' the material in the vicinity of the impact and sets a larger volume of material than was subjected to high pressure into motion. Most of the volume which is excavated by the impact leaves the crater after the shock wave has decayed. The kinetic energy which has been deposited in the planetary surface is converted into reversible and irreversible work, carried out against the planetary gravity field and against the strength of the impacted material, respectively. By using the results of compressible flow calculations prescribing the initial stages of the impact interaction (obtained with finite difference techniques) the final stages of cratering flow along the symmetry axis are described, using the incompressible flow formalism proposed by Maxwell. The fundamental assumption in this description is that the amplitude of the particle velocity field decreases with time as kinetic energy is converted into heat and gravitational potential energy. At a given time in a spherical coordinate system the radial velocity is proportional to R -z, where R is the radius (normalized by projectile velocity) and z is a constant shape factor for the duration of flow and a weak function of angle. The azimuthal velocity, as well as the streamlines, is prescribed by the incompressibility condition. 
INTRODUCTION
In order to obtain the relative ages of cratered surfaces formed on different terranes on a single planet [e.g., Neukum, 1977] , as well as to obtain meaningful interplanetary comparisons [e.g., Gault et al., 1975; Neukum and Wise, 1976] , the effect of planetary crustal strength and gravity on the dimensions of craters must be understood. Because the largest manmade impact craters (produced on the moon by empty rocket casings) are only some 40 m in diameter [Whitaker, 1972] and the largest nuclear explosions (formed in wet coral sand) are only 1.8 km in diameter [F'aile, 1961] , the experimental data available are limited, and theoretical estimates must be used to understand crater populations.
There have been a number of studies entailing the analytical and numerical prediction of cratering phenomena and the scaling of laboratory experimental data to planetary cratering. In order to test theories [e.g., Chabai, 1965] 
LATE STAGE CRATERING FLOW

The z Model
Bjork et aL [ 1967] first pointed out that the impact of a meteorite with a solid half space, such as a planetary surface, sets a large region of the target into motion after the shock wave has 'processed' a portion of target (planetary material) in the immediate vicinity of the impact and that this large region is much greater in size than that which experienced peak dynamic pressures. The decaying shock wave propagates away from the immediate region of impact and becomes 'detached' from the impactor. Thus a large low-stress region which was set into motion by the shock wave becomes involved in crater excavation. Once the initial impact-induced particle velocity flow in the target has been established and the stresses have decayed such that the kinetic energy per unit mass is much greater than recoverable strain energy, the size of the crater produced is solely controlled by conservation of energy for a fixed geometry, as was suggested in an early model of cratering by Charters and Summers [1959] . We assume in the incompressible late stage flow z model that the kinetic energy of the mass of target material along a given flow streamline is equal to the irreversible work that is performed against the material due to its finite strength plus the work done against the planetary gravity field. Since the total kinetic energy imparted to the impacted target region is bounded as a result of the initial shock and rarefaction wave interaction, the equality of initial kinetic energy along a streamline with the irreversible work done against the material strength and the planetary gravity field limits the final crater dimensions.
The key to utilizing the conservation of energy concept described qualitatively above is that although the shock-induced particle velocities in the flow field decrease in magnitude with time, the geometry of the streamlines remains nearly constant for the duration of the crater excavation process for a given explosion [Maxwell, 1973] and, as we will see in the next section, also for a given impact. The simple assumption made by Maxwell [1973] and demonstrated in section 3, which yields an approximate description of the late stage impact-induced flow, is that for the spherical geometry defined in Figure la the radial particle velocity Ur at a given time t is given by U r : dR/dt --a(t)/R z
where R is the projectile-normalized radius, a(t) is a parameter which depends on the strength of the flow, and z is a constant for a given streamline which specifies the shape of the streamline. The validity of the latter statement can be demonstrated by considering the divergence of the flow (equal to zero on account of the incompressibility assumption) in two- 
for Ro >> Re. The final crater depth, and hence total crater excavation time, is specified by total energy consideration, for example, (49). Equations (6) and (7) yield a general expression for the radial position of a particle R(t) in terms of its initial radial position and the current transient crater depth:
R(t) • [Ro(to) z+' + Rc(t)z+'] '/•+'• (8)
which may be expressed as [Maxwell, 1973] In 
Equating the initial kinetic energy in the axial tube to the strain energy generated by producing the crater, the latter, either specified by ( 
where Y• is a lower limit on the shock alteration of the cohesion.
RELATING INCOMPRESSIBLE FLOW (z) MODELS TO COMPRESSIBLE FLOW CALCULATIONS
As was discussed in section 2e, the incompressible (z) model requires initial values for the parameters a(to) and z at Ro(to). These have been obtained from compressible flow calculations but could, in principle, also be derived from experi- Table 3 ). The effect of reducing the cohesive strength was to increase the crater depth by more than a factor of 4 and the crater formation time by more than 2 orders of magnitude.
PARTITIONING OF ENERGY
Using the results of a compressible flow calculation of the impact of a 5-km/s anorthosite sphere into an anorthosite half space depicted in Figures 5 and 6 , the partitioning of energy in the axial stream tube was computed by using the values of a(to) and z obtained for the 0 = 0 ø-10 ø sector. A shock degradation model for material strength was not assumed in these calculations. The z model parameters used are summarized in Table 4 . There are several possible forms that the impacting energy may take. The partitioning of energy for impact at various scales (assuming 10-to (2 x 107)-cm diameter projectiles) was studied by calculating the total plastic work (equation (35) The effect of strength on the transient crater depth versus kinetic energy of impact (E) is presented in Figure 11 on the basis of various strengths listed in Table 4 . We emphasize the word transient, because observationally, it has been found that the crater depths do not exceed •$ km, regardless of diameter, on the moon, Mercury, and probably other planets. We believe that the limit observed in crater depth for larger craters results from later stages of crater development than those described here [e.g., Melosh, 1977; McKinnon, 1978] . Like the relationship of the transient crater growth times and crater depth versus meteorite radius, the impact energy can also be described as occurring within several regimes which are related to the assumed strength model. In the case of very weak materials (case 1 in Table 4 ) the crater depth is dominated by gravity, and the depth scales as E '/4 [e.g., Chabai, 1965; Gault et al., 1975; Sauer, 1978] . In the case of very strong materials the crater depth scales as E '/3 at impact energies of _<10 •ø ergs, whereas when gravitational forces dominate, the crater depth scales as E '/4 as energies approach 103ø ergs. In The partitioning of energy in the axial stream tube was examined for impacts on the moon in which the surface strength was constant and high (2.7 kbar) versus one whose strength increased with confining pressure from -0.01 to 2.7 kbar. For the former (von Mises type) material some 75% of the initial kinetic energy goes into reversible elastic strain energy, for meteorite radii less than 2 x l0 s cm, whereas for the latter (Mohr-Coulomb type) material, virtually all the impact energy is deposited as shock, or deformational, energy for impactors having a diameter less than -104 cm. Moreover, it was demonstrated that some 25% of the impact energy goes into work against the moon's gravity field for meteorite radii approaching-10 ? cm.
The experimental data of Gault and Wedekind [1977] for cratering in sand with energies of 6 x 10 ? to 10 •ø ergs under effective gravities of 0.07g-lg provide a test of both strength effects and gravity on the present incompressible ttow calculations. The starting condition for the calculations was the scaled ttow field for an anorthosite sphere impacting an anorthosite half space at 5 km/s. Using Gault and Wede-
